Histone acetyltransferase 1 is the founding member of the histone acetyltransferase superfamily and catalyzes lysine acetylation of newly synthesized histone H4. Here we report a 1.9-Å resolution crystal structure of human histone acetyltransferase 1 in complex with acetyl coenzyme A and histone H4 peptide. The crystal structure reveals that the cofactor and the side chain of lysine 12 of histone H4 peptide are placed in the canyon between the central and C-terminal domains. Histone H4 peptide adopts a well-defined conformation and establishes an extensive set of interactions with the enzyme including invariant residues Glu64 and Trp199, which together govern substrate-binding specificity of histone acetyltransferase 1. Our structure-guided enzyme kinetic study further demonstrates a cumulative effect of the active-site residues Glu187, Glu276, and Asp277 on deprotonation of the ɛ-amino group of reactive Lys12 for direct attack of the acetyl group of the cofactor.
Histone acetyltransferase 1 is the founding member of the histone acetyltransferase superfamily and catalyzes lysine acetylation of newly synthesized histone H4. Here we report a 1.9-Å resolution crystal structure of human histone acetyltransferase 1 in complex with acetyl coenzyme A and histone H4 peptide. The crystal structure reveals that the cofactor and the side chain of lysine 12 of histone H4 peptide are placed in the canyon between the central and C-terminal domains. Histone H4 peptide adopts a well-defined conformation and establishes an extensive set of interactions with the enzyme including invariant residues Glu64 and Trp199, which together govern substrate-binding specificity of histone acetyltransferase 1. Our structure-guided enzyme kinetic study further demonstrates a cumulative effect of the active-site residues Glu187, Glu276, and Asp277 on deprotonation of the ɛ-amino group of reactive Lys12 for direct attack of the acetyl group of the cofactor.
H istone acetylation is the most prominent posttranslational modification leading to activation of gene expression, DNA replication, and DNA repair. It is postulated that histone acetylation, through charge neutralization of the cationic histone tails, weakens nucleosomal electrostatic interactions with anionic DNA, thus destabilizing internucleosomal contacts and nucleosomal structure and facilitating access to the promoter region for RNA polymerase and transcription factors. Histone acetylation also plays a functional role in providing binding sites for regulatory proteins that mediate transcription and other chromatinbased processes.
Histone acetyltransferase 1 (HAT1; EC 2.3.1.48) is the founding member of the family of histone acetyltransferases that catalyze the transfer of an acetyl group from acetyl coenzyme A (AcCoA) to the lysine ε-amino groups on the N-terminal tails of histones (1, 2) . HAT1 has a very broad function in many DNA regulatory processes and is found in virtually all eukaryotic organisms examined (3) . Originally, HAT1 was identified as a cytosolic enzyme (2) that acetylates newly synthesized histone H4 molecules before their deposition in replicating chromatin and was therefore suspected of being involved in replicationdependent chromatin assembly. In vitro, HAT1 specifically acetylates Lys5 and Lys12 of free (nonnucleosomal) histone H4, and this specificity is entirely consistent with the pattern of acetylation found on newly synthesized histone H4 from many organisms. Biochemical studies revealed that the HAT1 functions as a member of the HAT-B complex (2) , which also contains the p46/48 protein (RbAp46 or RBBP7 in humans and HAT2 in yeast). The p46/48 protein is a WD40 repeat protein involved in a wide variety of chromatin-modifying complexes. In yeast, the association of HAT2 with HAT1 increases the catalytic activity of HAT1 by a factor of 10 and appears to function by increasing HAT1 binding to histone H4 (2) .
Subsequent studies showed that HAT1 is predominantly localized in the nucleus (3) (4) (5) (6) where it forms a trimeric complex with HAT2 and the histone chaperone HIF1. HIF1 is detected exclusively in the nucleus and accompanies newly modified H3-H4 tetramers to facilitate their incorporation into nascent chromatin during DNA synthesis. Deletions of HAT1, HAT2, or HIF1 alone produced no apparent phenotypic effect (1, 2, 6, 7) , but when combined with specific mutations in the N terminus of histone H3, caused defects in both telomeric gene silencing and resistance to DNA-damaging agents (7) (8) (9) . Such defects are reproduced by the substitution of Lys for Arg at position 12 of histone H4, but not at position 5 (8, 9) . HAT1 and HAT2 have been found to interact with the origin recognition complex, suggesting a unique role for the HAT1-HAT2 complex at the replication fork and likely a role in replication-dependent chromatin assembly (10) .
On the basis of the available results, working models have emerged to describe the activity of HAT1 in the cell (11, 12) . In yeast, the HAT1-HAT2 complex binds to and acetylates newly synthesized histone H4 in the cytoplasm and remains associated with histone H4. At a certain point, the newly synthesized histone H3 joins the complex. The HAT1-HAT2 complex is then imported into the nucleus in association with histones H3-H4. Once in the nucleus, the HAT1-HAT2-H3-H4 complex becomes associated with the histone chaperone/chromatin assembly factor HIF1 to form the NuB4 complex. In human cells, the sNASP chaperone binds H3.1-H4 heterodimers and presents the H4 carboxyl domain to RbAp46, which recruits HAT1 activity. After acetylation of histone H4, the complex is stabilized and the histones are transferred to the ASF1B chaperone. ASF1B associates with importin-4, and the histones are then transported into the nucleus (12) . These models suggest that HAT1 may not be functioning exclusively in a catalytic capacity and that the association of the HAT1-HAT2 (or HAT1-RbAp46) complex with histones H4 and H3 may be involved in both the import of these histones into the nucleus and their subsequent delivery to chromatin assembly factors.
Despite the fundamental importance of HAT1 in DNA replication and chromatin assembly, we still have a limited understanding of its function and regulation as a HAT. The crystal structure of yeast HAT1 in complex with AcCoA was reported by Dutnall et al. (13) who described an overall fold of the enzyme and its relationship to the structures of other HAT enzymes and AcCoA-binding site. However, how HAT1 recognizes both the substrate and AcCoA at the enzyme active site and how this complex facilitates acetyl group transfer from the latter to the former remains elusive. To address these questions, we solved the crystal structure of human HAT1 in a ternary complex with both AcCoA and substrate histone H4 peptide. The unique HAT1-AcCoA-H4 complex structure offers us detailed atomiclevel insights into the enzyme active site and provides mechanistic knowledge of the molecular basis of HAT1 substrate recognition and selectivity. Our structure-guided enzyme kinetic study sheds light on the catalytic mechanism of HAT1.
Results and Discussion
Protein Expression, Purification, and Crystallization. Human HAT1 is expressed in two isoforms, a and b, which encode proteins of 419 and 334 amino acid residues, respectively. Isoform b lacks an alternate internal exon, compared with isoform a, and uses a downstream start codon. Isoform b has a shorter N terminus (residues 1-85) compared with isoform a. We were not able to express isoform b in soluble form in Escherichia coli cells. However, the full-length protein of isoform a was soluble and stable after purification, although it did not produce crystals. We therefore generated a series of constructs encoding different lengths of the HAT1 protein. We found that a fragment of HAT1 consisting of residues 22-341 was the most soluble when expressed in E. coli cells. Hereafter we describe this fragment used in our study as human HAT1.
Human HAT1 was purified to homogeneity by a Ni chelating column, followed by gel filtration chromatography and ion exchange chromatography as described in SI Materials and Methods. The purified protein was crystallized in complex with AcCoA and histone H4 peptide (residues [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . After an initial screen, we used the alkylated enzyme to improve crystal quality. Surface-exposed cysteines Cys27, Cys101, and Cys168 were found to be alkylated during the refinement of the crystal structure. The crystals obtained belong to space group P2 1 2 1 2, and the structure was solved by molecular replacement and refined to 1.9-Å resolution (Table S1 ).
The final model of the human HAT1-AcCoA-H4 ternary complex contains two HAT1 protein molecules per crystallographic asymmetric unit. The two molecules are identical and can be superimposed with root-mean-square deviation (rmsd) of 0.477 Å for all Cα atoms. Each complex consists of residues 23-341 of the HAT1 protein, one AcCoA molecule, and one molecule of histone H4 peptide. The cofactor molecule is clearly defined in the electron density map of the ternary complex with an average Bfactor of 30.7 Å 2 . The HAT1-AcCoA-H4 ternary complex contains a 15-residue histone H4 peptide centered around lysine 12 and containing the sequence Lys5-Gly6-Gly7-Lys8-Gly9-Leu10-Gly11-Lys12-Gly13-Gly14-Ala15-Lys16-Arg17-His18-Arg19. The histone H4 peptide residues 1-4 (Ser-Gly-Arg-Gly) and 20 (Lys) are not visible in the final electron density map. The average B-factor for H4 peptide is 24.8 Å 2 .
Overall Structure. HAT1 structure has an elongated shape with approximate dimensions of 78 Å × 40 Å × 40 Å and can be described in terms of three domains: an N-terminal domain from residues 23-136 (blue in Fig. 1A) , the central domain from residues 137-270 (green), and a C-terminal domain from residues 271-341 (red).
The N-terminal domain includes eight β-strands, four α-helices, and three 3 10 (η1-η3) helices. Strands β2, β3, β6, and β7 form a planar β-sheet, with β2 and β6 strands aligned in antiparallel fashion to the central β-strands β3 and β7, which are in parallel orientation to each other. On one side (top) of the β-sheet is a mixed network of helices (α1-α3) and β-strands (β1, β4, β5, and β8). On the other side (bottom) of the β-sheet are helices η1-η3 and α4. The N-terminal domain is connected by the short loop (η3-β9) to the central domain, which contains the twisted β-sheet formed by five antiparallel β-strands (β9-β13) sandwiched between helices η4, α5, and α6. The C-terminal domain is a bundle of helices (α7-α10 and η5) with one short β-strand β14.
Dali analysis (14) performed with individual domains of HAT1 showed no significant similarity with other known protein structures for the N-terminal domain, whereas the central domain showed a considerable structural similarity to the GCN5 and MYST families' histone acetyltransferases [Protein Data Bank (PDB) ID code 1M1D (15), Z-score 10.6, rmsd 2.3 Å and PDB ID code 2PQ8, Z-score 10.2, rmsd 2.2 Å, respectively], and the Cterminal domain showed little structural similarity to the matingtype protein α-2 homedomain [PDB ID code 1K61 (16), Z-score 4.8, rmsd 2.8 Å].
Remarkably, the central and the C-terminal domains form a canyon whose sides are the inward faces of helix α7, strand β14, and the loop between them (from the C-terminal domain) and strand β13, helix η4, and the η4-α6 loop (from the central domain). The HAT1 canyon is ∼30 Å long and tends to be wider at the AcCoA-binding side (11-12 Å) than at the peptide-binding side (5-6 Å) with ∼25 water molecules solvating its surface. The canyon is highly polar with an electropositive character at the cofactor-binding site and an electronegative one at the peptidebinding site ( Fig. 1 C and D) .
The overall structure of human HAT1 is similar to yeast HAT1 structure (PDB ID code 1BOB) (13) , and the two structures can be superimposed with an rmsd of 1.87 Å for all Cα atoms. The major difference between the two structures is that yeast protein has a longer β12-β13 loop (11 residues), which is disordered in the crystal structure, and strand β12 and the β11-β12 loop of yeast HAT1 are shorter (Figs. S1 and S2).
AcCoA-Binding Site. The cofactor AcCoA molecule is bound in the canyon between the central and C-terminal domains ( Fig. 1 AcCoA H4
A B C D and D) and buries ∼565 Å 2 of the protein-accessible surface area. It adopts a bent conformation with the N6 atom of adenine pointing toward the center of the protein molecule and a significant kink in the PC6-PC7 position of the pantotheine arm. The sugar pucker of AcCoA is in a C3′-endo configuration, and the glycosidic bond is in an anti conformation, placing the 3′-phosphate group exposed to the solvent. AcCoA makes an extensive set of direct hydrophobic and hydrogen-bonding interactions with residues from helix α7, the β14-α7 loop (C-terminal domain), β-strand β13, helix α6, and the η4-α6 loop (central domain) ( Fig. 2 A and B) . Only one residue, Gly249, makes water-mediated hydrogen bonds with the 3′phosphate group of ribose and the N1 of the adenine ring of AcCoA. The adenine ring of AcCoA creates a hydrophobic interaction with the side chain of Lys284, and the ribose ring is in stacking interactions with Phe288. The pyrophosphate group of AcCoA establishes van der Waals contacts with Leu285 and a series of hydrogen bonds with the carbonyl groups of residues Gly249 and Gly253 and with the amide nitrogens of residues Gly251 and Ala254. The pantotheine moiety of AcCoA forms van der Waals contacts with the hydrophobic residue Leu242. These interactions make a kink of the pantotheine arm at the position PC6-PC7. Strikingly, the residue Leu242 is absolutely conserved through HAT1 proteins from different species ( Fig.  S2 ) and thus plays an important role in orienting the pantotheine moiety of AcCoA for acetyl transfer. In addition, the carbonyl group of the pantotheine moiety forms a hydrogen bond with the amide nitrogen atom of Ile243. The nitrogen atom and the carbonyl group of the β-mercaptoethylamine moiety of AcCoA establish hydrogen bonds with the carbonyl group of Met241 and side chain of Ser281. The acetyl group of the cofactor is anchored by residues Ile186, Pro278, and Tyr282 through hydrophobic interactions, placing the acetyl group close to the ε-amino group of Lys12 of histone H4 peptide, with a distance of ∼4.3 Å between the carbonyl carbon of the acetyl moiety of AcCoA and ε-amino group of Lys12 (Fig. 1D) .
A comparison of AcCoA-binding modes in yeast and human HAT1 revealed that, despite a marked architectural similarity between yeast and human enzymes, their respective modes of AcCoA recognition significantly differ (Fig. S1B) . As described earlier, in the human HAT1-AcCoA-H4 ternary complex, the position of ribose and adenine rings is stabilized through interactions with Phe288 and the side chain of Lys284, whereas, in yeast HAT1, the corresponding residues are replaced by Arg267 and Asp263, respectively. In yeast HAT1, Arg267 pushes away the ribose ring of AcCoA and establishes a hydrogen bond with a 3′-phosphate group. The adenine ring of AcCoA in the yeast HAT1-AcCoA complex does not have interactions with the protein and the N6 atom of the ring pointing toward the solvent. Thus, human HAT1 likely has stronger binding to AcCoA than the yeast enzyme due to its interactions with the adenine and ribose rings. Despite these differences, the structures of AcCoA bound to yeast and human HAT1 converge at the pyrophosphate and the pantotheine groups. However, the position of the sulfur atom is different in two structures, suggesting that the reactive Lys12 of the histone H4 peptide plays a certain role in orientation of the acetyl group for the proper transfer ( Fig. S1B ).
H4 Peptide-Binding Site. The H4 peptide in the HAT1-AcCoA-H4 ternary complex adopts a well-defined structure with two β-turns at positions Gly7-Lys8-Gly9-Leu10 and Leu10-Gly11-Lys12-Gly13 ( Fig. 2 C and D) . The conformation of the peptide is stabilized by two backbone hydrogen bonds between carbonyl groups of residues Gly7 and Gly13 with amide nitrogens of residues Leu10 and Lys5, respectively ( Fig. 2 C and D) . NMR solution studies (17) showed that the N-terminal domain of histone H4 (residues 1-27) prefers an extended backbone conformation at neutral pH; however, upon acetylation, the regions containing lysine residues induce structural transition, having a defined structural form especially at Lys12 position. These results and our observed well-defined structure of histone H4 peptide in the HAT1-AcCoA-H4 ternary complex suggest that the peptide undergoes significant conformation changes upon binding to HAT1 for placing the backbone of residues Gly11 and Lys12 at the entrance and the side chain of Lys12 deep inside the canyon formed between the central and the C-terminal domains. A superimposition of yeast and human HAT1 structures did not reveal any conformation changes that may occur upon histone H4 binding to the enzyme (Fig. S1 ).
The histone H4-binding site of HAT1 runs across the surface of the protein and comprises residues located in the central domain (α5-β11 loop, β12 and β13 strands) and the N-terminal domain (loop-helix α2-loop) (Fig. 1A) . A total of ∼770 Å 2 of solvent-exposed surface area of HAT1 is buried upon complex formation, and the majority of the surface where the peptide binds is negatively charged ( Fig. 1 C and D) .
Fourteen residues of the H4 peptide make interactions with human HAT1 (Fig. 2 C and D) . Lys5 of the substrate, even though well-resolved in electron density, does not make any contacts with the protein. The carbonyl and amide groups of Gly6 of H4 form water-mediated hydrogen bonds with the side chain of Asp193 and carbonyl group of Ile192 of HAT1, respectively. The amide nitrogen of Asp193 also makes water-mediated hydrogen bond with the carbonyl group of Gly7 of H4. The side chain of Lys8 (H4 peptide) established van der Waals contacts with residue Tyr225, in addition to the water-mediated hydrogen bond between carbonyl group of Lys8 and side chain of Tyr227. The amide nitrogen of Gly9 of H4 peptide forms a water-mediated hydrogen bond with the side chain of Asp196, and the carbonyl group forms direct and water-mediated hydrogen bonds with the side chains of residues Arg237 and Ser239, respectively. In addition, backbone atoms of Gly9 make van der Waals interaction with Trp199. The residue Trp199 is strictly conserved through HAT1 proteins from different species (Fig. S2 ) and thus plays a crucial role in orienting H4 peptide and causing a β-turn of H4 peptide at the Gly9 position. Leu10 of H4 peptide has only a water-mediated hydrogen bond between its carbonyl group and the backbone carbonyl of Phe191. The side chain of Glu276 (HAT1) is directly involved in hydrogen bonding with the amide nitrogens of Gly11 and Lys12 of histone H4 peptide. The side chain of Lys12 also makes van der Waals contact with Ile186 of HAT1. The residue Ile186 is highly conserved in HAT1 proteins and is substituted only by valine in Drosophila melanogaster HAT1 at this position, suggesting that hydrophobic contacts are involved in orientation of the side chain of reactive Lys12 of the substrate. The amide nitrogens of Gly13 and Gly14 make direct hydrogen bonds with the side chain of Ser190 and carbonyl group of Thr188, respectively. Residue Ala15 of H4 interacts with side chains of Gln58 and His57 through hydrogen bonding. Lys16 of histone H4 peptide has only a water-mediated hydrogen bond between its carbonyl and the side chain of Asp62, whereas the latter also forms a hydrogen bond with the amide nitrogen of His18 from H4 peptide. The side chains of Arg17 and Arg19 of the histone H4 peptide make an extensive set of hydrogen bonds with the side chain of Glu64. In addition, the side chains of Arg17 and Arg19 interact through water-mediated hydrogen bonds with carbonyl groups of Glu54 and Asp62, respectively. Also, the amide nitrogen of Arg17 is in hydrogen bonding with the side chain of Glu187. This network of hydrogen bonding between Arg17 and Arg19 of H4 peptide and residues Glu54, Asp62, and Glu64 is responsible for anchoring the histone H4 substrate to the HAT1 protein. The residue Glu64 is absolutely conserved in HAT1 proteins (Fig. S2 ) and therefore plays a crucial role in the substrate-binding specificity of HAT1.
Substrate Recognition and Specificity of HAT1. Newly synthesized histone H4 is deposited in a di-acetylated form during active DNA replication and chromatin assembly, a modification that was originally described over 30 years ago (18) . Subsequent studies have identified that, among all of the lysine residues in the H4 N-terminal tail (lysines 5, 8, 12, 16) , lysines 5 and 12 are the exclusive sites of di-acetylation in newly synthesized histone H4, and this pattern is absolutely conserved in organisms ranging from protozoa to humans. Since the identification of HAT1 as an enzyme responsible for this modification, the substrate specificity of HAT1 has been a subject of extensive studies.
HAT1 purified from yeast extracts specifically acetylates only residue Lys12 of histone H4, but recombinantly produced yeast HAT1 also acetylates Lys5 of H4 to a lesser extent and weakly acetylates histone H2A (1, 2) . Human HAT1 has been shown to modify Lys5 and Lys12 of histone H4 and weakly modify Lys5 of H2A (3), whereas the maize HAT1 enzyme is specific for H4 at Lys5 and Lys12 (19, 20) . On the basis of these studies, a common motif in the vicinity of the acetylated lysine (GxGKxG) has been proposed (2) .
The crystal structure of the human HAT1-AcCoA-H4 ternary complex clearly shows that substrate recognition of HAT1 is achieved by altering H4 conformation and adjusting it from extended to defined conformation. The invariant residue Glu64, together with highly conserved residue Asp62 (substituted by Glu in D. melanogaster HAT1), form a negatively charged surface and attract the positively charged Arg17 and Arg19 of H4 peptide. The residues Trp199 (absolutely conserved) and Tyr225 (substituted by Phe in Caenorhabditis elegans) of HAT1 enzyme "freeze" the orientation of the peptide through interactions with Gly9 and the side chain of Lys8 of the substrate, respectively. Alanine substitutions of these residues resulted in a significant increase in K m values for the H4 peptide-∼6.1-fold for E64A and ∼4.2and ∼2.9-fold for D62A and W199A mutants, respectively ( Table 1) . The salient feature of HAT1 structure is the presence and the shape of the canyon between the central and C-terminal domains. The canyon is 5-6 Å wide at the entrance of H4-binding site and can accommodate only residues Gly11 and Lys12 and becomes narrower at side chain of the Lys12. Additionally, the absolutely conserved Glu276 "tunes up" the specificity of the HAT1 enzyme through interactions with Gly11 and Lys12 of histone H4 peptide. The crystal structure of the human HAT1-AcCoA-H4 ternary complex reveals that Lys12 of histone H4 is the highly preferable substrate for HAT1 enzymes. This is also in agreement with our enzyme kinetics study monitored with mass spectrometry (Fig.  3A) , which shows that di-acetylated species of H4 peptide start to appear only after the peptide is fully monoacetylated (3 h), and the peptide is not totally converted to di-acetylated form even after 24 h of the reaction. Also, the relative activity of the HAT1 enzyme for H4K12Ac was 20-fold less than that for the H4 peptide (Fig. S3A) .
Implications in the Catalytic Mechanism of HAT1. Histone lysine residues at physiological pH are normally charged and should be deprotonated by histone acetyltransferase enzymes to facilitate its nucleophilic attack on the acetyl group of AcCoA. Structural studies on GCN5, P/CAF, and ESA1 histone acetyltransferases identified a structurally conserved glutamic acid residue (Glu173 in GCN5, Glu570 in P/CAF, and Glu338 in ESA1) (21) (22) (23) (24) . This acidic amino acid residue has been shown to function as a general catalytic base to deprotonate the ε-amino group of reactive lysines. The deprotonated lysine can then attack the carbonyl carbon of the acetyl moiety of AcCoA, forming a tetrahedral intermediate, which then collapses to form CoA and acetylatedlysine products (25) . The pH dependence of k cat /K m and of k cat for HAT1 protein showed the plateau-shaped pH profiles (Fig. 3B) , and the uprising nature of the plots indicates that a catalytic base required for deprotonation of the positively charged amine and the substrate binding does not change ionizaton of a catalytic base. A detailed view of substrate binding sites of the human HAT1-AcCoA-H4 ternary complex revealed that the closest HAT1 residues to Lys12 of the histone H4 peptide are Glu187, Glu276, and Asp277. The side chains of those residues are 6.7, 7.6, and 6.4 Å away from the ε-amino group of the reactive lysine, respectively. These distances are too far for direct lysine deprotonation by these residues, and probably water molecules mediate deprotonation. However, no ordered water molecules were found between the side chains of these residues and the substrate lysine of H4 during refinement of our crystal structure. The residues Glu187 and Asp277 in HAT1 are not strictly conserved: Glu187 is substituted by aspartic acid in HAT1 proteins from other species, and Asp277 is substituted by serine in C. elegans HAT1. Glu276 is invariant in HAT1 enzymes and also structurally conserved in the GNAT family of histone acetyltransferases as shown in GCN5 and ESA1 structures (13, 21, 24, 26) .
To determine the importance of these residues in HAT1 catalysis, we generated a series of mutants of HAT1 and analyzed their kinetic properties at pH 8.5, which is near the pK a for the wild-type enzyme (pK a = 8.15 ± 0.06) (Fig. 3B ). The E276Q mutant showed a 28.5-fold loss of activity (k cat = 0.15 ± 0.01 s −1 ) compared with the wild-type enzyme (k cat = 4.28 ± 0.01 s −1 ). The E187Q and D276N mutants were less affected, with ∼15.3and ∼8.1-fold decreases in activity, respectively ( Table 1 ). The k cat /K m decreased by ∼145and ∼137-fold for E187Q and E276Q, respectively, and ∼38-fold for the D277N mutant compared with that of the wild-type enzyme. We were not able to determine reliably K m and k cat /K m values for double and triple mutants of HAT1, and hence we present only their relative activities ( Fig. S3B) To further determine which of these residues may act as a catalytic base, we performed pH dependence analysis of enzyme kinetics (i.e., k cat /K m ) for the HAT1 mutants. As shown in Fig. 3 B and C, mutation D277N resulted in a slight upward shift of pK a (0.2 pH units) (pK a = 8.35 ± 0.12) compared with the wild-type enzyme (pK a = 8.15 ± 0.06), whereas E187Q and E276Q had a significant increase in pK a to 9.15 ± 0.09 and 8.74 ± 0.15, respectively. Collectively, these results suggest that Glu187 and Glu276 could act as the general catalytic base and together with Asp277 have a cumulative effect on deprotonation of the ε-amino group of substrate Lys12 of the histone H4 peptide, which could be mediated by water molecules.
Conclusion
The high-resolution crystal structure of the wild-type human HAT1 in a ternary complex with both substrate and cofactor reported in this study provides atomic-level understanding of the substrate recognition and specificity and detailed molecular insights into the HAT1 catalytic mechanism. Importantly, the structure also provides a framework for future studies on understanding the functional role of HAT2 in modulating enzymatic activity of HAT1. The interacting partner of the HAT1 enzyme, HAT2, increases the catalytic activity of the enzyme by a factor of 10, and it is believed to function by increasing the interaction between HAT1 and histone H4 (2) . Biochemical studies and recent crystal structures of human RbAp46 (also known as RBBP7) and Drosophila RbAp46 (p55 or Nurf55) bound to histone H4 peptide have shown that histone H4 binds to the protein through contacts with the first helix proximal to the N-terminal tail (3, 27, 28) . RbAp46 exhibits remarkable sequence conservation, reasonably suggesting that its interaction with the HAT1 enzyme is mediated by highly conserved residues of the two proteins. A survey of absolutely conserved residues of HAT1 proteins whose side chains are exposed to the protein surface reveals that residues Arg286, Thr274, and Arg235 might be very good candidates for these interactions (Fig. 4) . These residues are located on the same side of the protein surface, just beneath the residues involved in catalysis.
We propose that binding of RbAp46 to HAT1 would cause a conformation change of the β14-α7 loop, which in turn results in close proximity of catalytic residues to the ε-amino group of Lys12 of histone H4. These changes, which would enhance the catalytic activity of HAT1, might also cause a movement of the side chain of Lys12 of histone H4 peptide to a closer proximity to the acetyl group of the cofactor. Because of the important role of HAT1 in chromatin assembly, a number of studies have begun to link HAT1 to different types of human cancer. The levels of HAT1 have been found to increase substantially in liver tumors (29) . Also, HAT1 mRNA and protein levels are elevated in primary and metastatic human colon cancer tissues (30) . In addition, immunohistochemical studies show that HAT1 is primarily nuclear in normal cells, but the localization of HAT1 largely shifted to cytoplasm in the tumor tissues (30) . The observation of an elevated level of HAT1 is consistent with the proposed role for HAT1 in chromatin assembly (11) and reflects the obvious need to maintain a high level of chromatin assembly capacity in quickly proliferating cells. In light of this, HAT1 becomes an attractive target for the design of specific inhibitors to halt the growth of inappropriately proliferating cells. Therefore, we believe that the crystal structure of the human HAT1-AcCoA-H4 ternary complex will play an instrumental role in the rational design of potent small-molecule inhibitors with potential therapeutic applications.
Materials and Methods
The details of molecular cloning, expression, purification, crystallization, Xray diffraction data collection, structure determination, and biochemical experiments are described in SI Materials and Methods. In short, HAT1 protein was expressed by using a pET28a-LIC vector that contained an Nterminal hexahistidine tag and thrombin cleavage site. Recombinant protein was purified by using several chromatographic techniques. Diffraction data of HAT1 crystals were collected at the ×12B beamline at the National Synchrotron Light Source, Brookhaven National Laboratory (Upton, NY). The structure of the acetyltransferase domain of HAT1 was solved by molecular replacement using the program MOLREP (31) . The crystal structure of yeast HAT1 (PDB ID code 1BOB) (13) was used as the search model. ARP/wARP (32) was used for automatic model building. Refmac (33) was used for structure refinement. Data collection and refinement statistics are summarized in Table S1 . The structure factors and atomic coordinates have been deposited in the Protein Data Bank with the PDB ID code 2P0W.
